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ABSTRACT

Dynamic stability tests were conducted in the 40-Inch Supersbnic .
Tunnel (A) of the von Kdrmadn Gas Dynamics Facility on a 0.05-sczale
Apollo Command Module at Mach numbers 1.5 through 6 and on a '
0.059-scale Apollo Launch Escape Vehicle at Mach numbers 1.5 through
4. Data were obtained at Reynolds numbers, based on maximum body"
diameter, ranging from 0. 31 x 106 t0.3.56 x 108 for the command module
and 0. 36 x 106 to 5. 28 x 106 for the launch escape vehicle. The models
were tested at model oscillation amplitudes of +2 to +15 deg for the
command module and +3 to 12 deg for the 1aunch e cape vehicle.
Selected test results are presenied. '
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NOMENCLATURE
Reference area (based on maximum model diam), ft2
Pitching-moment cocfficient, pitching mament/q &d
dCmlalqd/2V,) '

dCm/olad/2V,) | _ ,
Cycles to damp to a given amplitude ratio R, cycles

Daniping-in-’pitch derjvatives, 1/ rad

Reference length (maximum model diam), ft
Frequency of oscillation, cycles/sec .

Model moment of inertia about the pivot axis, alug ft2
Natural logarithm

Free-stream Mach number

Angular restoring moment parameter, ft- 1b/ rad
ft-1b sec '
rad .

Aerodynamic angular viscous damping moment },a.mmeser

Angular viscous damping moment parameter

rad
Pitching velocity, rad/cecc

Free-stream dynamic pressure,’ lb/i"2

Ratio of the amplitude of a damped ozcillation after a given
number of cycles to the initial amplitude - :

Reynolds number based on maximum model diameter:
Time, sec

Free-stream velocity, ft/sec

Angle of attack, rad or deg

Trim angle, deg

Time rate of change of angle of attack, rad/sec °
Angular displacement from trim angle; rad or deg
Angular velocity, rad/sec ' | B
Angular acceleration, -rad/sec?2

Angular frequency, radfsec

Reduced frequency parameter, rad

Maximum condiiions
Structural conditions
Wind-on conditions

“vii

ft lb sec
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L0 INTROBUCTION

At tre request cf the National Acronautics and Space Administraiion

- Manned Spacecrat Center (M‘mh MSC), dymamic stability tesis were ,
'Aconuucted at the von Karman Gas Dynamics Facility (VKF), Arncld Ergi-

neering Development Center (AEDC), Air Force Systems Command

"{AFSC), for the North American Aviation Company (NAA). The purpose

of these tests was to determine the effect of oscillation amplitude, Mach
number, Reynolds number, cg position, and the addition of strakes on

- . the aerodynamic damping characteristics of an Apollo Command Module
- {CM) Mod=l and a Launch Escape Vehicle (LEV) Model at supersonic
s apeeds

. +. The 'ests were conducted in the 40-Inch Supersonic Tunnel (A) during'
_‘the period irom April 18 through 25, 1963. Data were cbtained w’th the

0. 050-scale command module over a Mach number range of 1.5 thirough
6 at Reynolds numbers ranging from 0. 31 x 106 to 3. 56 x 105 and with the

0. 05%-scale launch escape vehicle over a Mach number rance of l 8
- througn 4 at Reynoldz numbers 5 ranging from 0.36 x : 100 {0 5. 28 » 148,

All Reynolds vumbers are hmwrf on the maximum maodal bcdy dienw%pz‘;
Data are presented in the form of the damping-in-pitch derivativ

i For

' the command module and launci: egeape vehicle at oscillation amplitudes

(about the trim attitude) of +2 to £15 deg and %3 to +12 deg, ros!:ecuvely

2,0 APPARATUS

2 WIND TUNNEL

" The 40 Inch Supersomc Tunnel (A) (F'xg 1), is a continuous, closed

“circuit, variable density wind tunnel with an automastically driven, flexible-

plate-type nozzle. The tunnel operates at Mach numbers from 1.5 to 6 at

" maximum stagnaticn pressures from 29 to 200 psia, respectively, and

stagnation temperatures up to 300°F (M, = 6). Minimum operating pres-

sures are about one-tenth of the maximum at each Mach numb::r. A com-

plete description of the tunnel and airflow calibration information is given

2.2 DYNAMIC BALANCES

Two distinct balance systems were used in the present test program.

' Both were large amplitude (+20 deg) free oscillation systems; each was

Manuscript received August 1963.
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equipped with a displacing-releasing mechanism which allowed the model
to be released at any intermediate angle of attack. Angular transducers
were used with each gystem and were of the variable reluctance type
which provides o continusus time history of modal digplacement yet re-
quires no physical connection batween the moving and stationary parts

of the balances. These transducers shown in IPigs. 2 and 3 and described
in detail in Ref. 2, produce an ..ialog signal which is proportional to the
angular displacement of the model.

The basic gas bearing balance system is shown in Fig. 2. The pivot
used in this system (Fig. 4) is a cylindrical, gas journal bearing with
inherent orifice compensation. A complete calibration of the load carry-
ing ability and damping characteristics of this gas bearing can be found in
Ref. 3.

The balance displacing mechanism as provided by NAA was operated
manually. The model was positioned by the push-pull rcds, the asso-
ciated flex shafts, and the buckets on the model sector (Fig. 2). After
the model was positioned at the desired angle of attack, it was locked in
place by the braike and the [lex shafis were reiracted. After releasing
the maodel. the brake couid ke used to arrest thie model to re-engage the
flex shafts.

The mechanical bearing balance system is shown in Fig. 3 and was
designed and constructed by NAA. The pivot of this system was two
instrument-type ball bearings which were each capable of withstanding a
radial load of 250 1b. The model displacing mechanism consisted of three
servomechanisms which made its operation completely automatic. Two
of the servos were used to position and release the model while the third
was used to arrest the model motion.

With the top slide plate in the most ferward position, the bottom slide
plate with associated rack gear could be driven forward or aft to position
the model. This was accomplished throngh the contact of the rack gear,
drive gear, and gear plate. A model release was obtained by activating
a servo to move the top slide plate to its furthest aft position, thus disep-
gaging the drive geor and gear plate. The third servo, which activated
thiz cam, was used to arrest the model sheould it begin to diverge or to
nold the model in position to re-engage the gewss.

23 MODELS

The 0. 05-scale Apollo Command Module (Fig. 5) and 0. 059-scale
Apollo Launch Esrape Vehicle (Fig. 6) were desicned and constructed by
the North American Aviation Company. Both models were constructed of
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aluminum and magnesfum in an effort to minimize their moments of
inertia. In addition, the models were degigned so that the balance pivot
axis could be located at varijous places in the madel corresponding to ex-
pected cg pesitions of the full-scale vehicle. It was necespary to bailagt
these models for each pivot axis location so that the modal center of -
gravity was placed at thﬂ* vivot axis of the balance. Each modei was de-
signed with removable strakes which are ahown in Fig. 7.

The 0. 05-scale comrmand module was de_51gne.d to allow‘ 120 deg of
motion about a nominal trim angle of 148 deg from the two cg positions’
as shown in Fig. 7. The 0.059-scale launch escape vehicle, shown in"
Fig. 8, was designed with an enlarged section near the apex- cf the com- -
mand module, which was necessary to locate the balance pivot at the -
basic and centerline cg positions. With the balance at any of three cg
positions, the LEV model could be oscillated +20 deg about a nom.nal
trim angle of zero. . : :

Installation photograghs of the command module anfi taunch e*cape
vehicle in the 40-Inch Supersonic Tunnel (A) are shovm in T‘i;v g.

3.0 PROCEDURE

Existing damping -in-pitch daté obt med for the. command modu’
and launch escape vehicie did not provide sufficient knowledge of ihe
effect of oscillation amplitude on the damping-in-pitch derivatives of these

vehicles. This test program was therefore initiated in an attempt to. eval-

uate the effect of Mach number, Reynolds number, addition of gtrakes, -
cg position, and primarily the effect of amplitude of oscillation on the
damping-in-pitch derivatives of the command module apd launch escape
vehicle. : :

A test program of this type necessitat-es- large model os’cii_lation am-
plitudes (+20 deg) and, In addition, requires that the true model. mrtion be
realized. The latter requirement was particularly true for the launch

esccape vehicle which had an unsymmetrical aerodynamic restoring moment.

This requirement can be accomplished only if the non-aerodynamic effects
on the model motion such as balance restormg moment and tare d.smping
can be eliminated or minimized. : :

The free-oscillation technique employed allows the model to be "flown"

free from any external restoring momeni. The damped oscillatory motion
resulting from this technique is most conducive to studying the charac-
teristics of the aerodynamic dampmg :

n" —i&
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Ralance tare damping can be minimized or almost elirninated de-~ IR
pendin on the type pivot employed. A gas bearing is particularly desir- v
able zince its tare damping can be considered negligible (Ref. 3). This 1
teme pivot was unad in the command moduic bul could not ba uszed in the
launch escape vebicle beceause of the {ezation of the pivet axis,

The equation of motion for a free-oscillation, one-degree-of-freedom
systermn may be exprcsged as '

IRV DR AR S

16 - MG6 - Mg0 =0 (1)

The method for computing the dimensionless damping-in-pitch deriva-
tives from the free-oscillaticn tests is indicated as fellows:

0 = 0, ¢ (MO TN 0 TG/ ¢

g o~ o e oty . e =

214, R

Mg = ¢

R
My o= by - Mg,

Ca MG 2V, /g A

il

q+c:na'

The above linear theory can be applied to a non-linear system, such
as the systems encountered in the present tests, when the data are re-
duced over an amplitude range for which the motion can be approximated
as being exponentially damped and where the frequency remains approx-
imately constant.

The test procedure was to displace the model from its trim attitude .
to the desired angle of attack and release it. The resulting oscillatory '
signal provided by the aforementioned angular transducer was recorded on '
a direct writing oscillograph and on magnetic tape by a high speed digital
cenverter. Data was reduced from the magnetic tape on an IBM 7070 com-
puter by a free-oscillation data reduction program. :

Tents of the corimand module were conducied al Fech puinbery §.5
throuzh 6 and at Rayneclds numbers renging irom 0. 31 x 183 0 3.5¢ x 105
baszd ¢n model base diameter. Tests of tiio launch egeope vehicle were
conducted at Mach numbers of 1.5 to 4. 0 and at Reynolds numbers ranging
from 0.356 x 108 t0 5. 28 x 165 based on mndzl base diameter. Oscillation
amplitudes for the commsnd mctuie and luunch escape velidcle were 22 to
15 dag and £3 to 12 deg, respectivaly.
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4.0 PRECISION OF MEASUREMENTS

The angular transducers for each balance were calibrated dur‘zx'f'
bench tests both before and after each tunnel test period, and chack .
calibrations were made periodically during the runs to determine if any
changes in calibration factors had cccurred. Transducpr calibrations
were obtained through the use of known dlsplc.cements and model dis-
placement was known within +0.5 percent of the maximum value’ of the
range in which the parameter was cahbrated

The ball bearing balance used with the LEV model was calibrated
to obtam values of ball bearing tare damping. This tare. damping was '
found to vary with radial load, frequency of oscillation, and amphtude,
therefore, to obtain values of aerodynamic damping for the launch
escape vehicle, the tare damping values were corrected to the wind- -on
conditions before subtracting them from the total valies. It was not
necessary to correct command module data for tare dampmg bocause of
the negligible level of the gas bearing damping.

Congidering the ahove wneertainties in each s*m*em, tha agtimated

maximum uncertainties in Cmq + Cm for the command moculc are
- %0. 12 and for the launch escape vehlcle 0. .;0

5.0 RESULTS AND DISCUSSION

The effect of Mach number, Reynolds number,. 6§ci11a;cibn amplitud"e,'

cg position, and the addition of strakes on the damping-in-pitch deriva- .
tives for the command module are shown in Figs. 10 through 12.

The oscillograph traces which described the escillatory motion of
the command module indicated that both the niotion and the damping were
symmetrical about the trim attitude. Variations in Mach number, Reyn-
olds' number, oscillation amplitude, and module configuration were found
to have no s;mifica.n' effect on the damping-in-pit tch derivatives except
at Mach 1.5 where amplitude of oscillation and removal of the sirzkes had
an effzct on the level of the demping-in-pitch derivatives {Fig. 11).

Motion of the launch escape vehicle,  unlike th‘at of the command mod-
ule, was unsymmetrical about th2 trim attitude and deviated greatly from
the damped motion described by Eq. (1). The damping coefficient (M; 6)

varied with frequency and the oscillation amplitude and was ursymmetrical;

i. e., the envelope curves of the positive and negative peaks had diffgrent

N R e S e
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:_irariat’iohé with time. Therefore, a data reduction procedure was de-
- veloped so that values of damping could be obtained from the envelope
. &:’_u'foe~ of the positive and negative peaks independently.

. Ths recults Dluvsirsted in Figs. 13 through 16 indicate that an in-
. - creage in Reynclds number wag stzbilizing and that at the higher Reyn-

o 'olds numbers, the launch escape vehicle was dynamically stable over

the amplitude ranges tested. These data also indicate that amplitude of
’ _Qscillation had an effect on the damping-in-piich derivatives.

. Results obtained at Mach numbers 1.5 through 4 for the basic cg con-
ﬁguratio*x with strakes are presented in Fig. 13. These data show that -
.. limit cycles existed at the lower Reynolds numbers for all Mach numbers
. with ths exception of Mach 2. A comparison of the data for Mach numbers

. where the magnitude of the Reynolds numbere is approximately the same

‘indicates that the level of the damping derivatives increased with i.ncreas-
ing Mach number. S .

Data cktained at Mach numbers 1.5 through 3 for the basic cg con-

fiourm fon witheut strakes are presented in Fig. 14. The Mach 1.5 and 2
"‘PR“T'{‘M wh!(‘h \Ihﬂrﬁ ohfﬂ’pnd at _'_:lnr\v-n‘ 'Tn'\'\%rﬂ}v &}wn anrne

TIrvwre m¥ el wnyermn .
AV Y RALAMAL dauals

" Dber, indicate that the level of the damping-in-pitcn Gzvivatives increased

. -with Mach numbar. A compsarison of the data obtasined for both configu-
- -rations of the basic cg (Figs. 13 and 14) at the higher Reynolds numbers’
- “for Mach numbers 1.5 through 3 reveals that a slight increase in model
damping was obtained by removing the strakes. In addition, the two sets
- of data indicate that for the lower Reynolds numbers at Mach 3, removing
-the strakes had no effect on the amplitude of the limit cycle. '

oL ‘Resulta obtained at Mach numbers 2, 3, and 4 for the alternate cg
vpoaition are pregented in Fig. 15. These data indicate that limit cycles

.existed for the lower Reynolds numbers at Mach 3 and 4. A comparison

" of these data with data obtained at the basic cg position at Mach numbers 2 -
and 3 indicates that at the higher Reynolds numbers, model damping de-

, w'_'creased slighily as the cg was moved from the basic to the alternate posi-
~tion. 'This comparison also shows that for the lower Reynclds number at
~Mach 3, the amplitude of the limit cycle had increased at the mtw‘n;ue

' posit'gn ' , S ,

- - Data obtained at Mach nurcbers 1.5 through 3 for the centerline cg
' position are presented in Fig. 16. Thezs data show that the damping at

- ."Mach numbers 2 and 3 was unsymmetrical. Cne would expact the trim

- . angle of this configuration to be zero since it has both a symmetrical -
- shape and cg position; however, the trim angle at Mach 1. 5 and 3 was a -
: positiVe 0.96 and 2. 16 deg, respectively. A comparizon of these .data and
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that of the basic cg (Fig. 14) at Mach number 3 reveals that at the lower ‘

Reynolds number, the limit cycle was eliminated when the cg was moved
from the basic to the centerline position.

Ve ey b
L e of v ki I ANE A R

Free-oscillation dynamic stability tests were conducted on a
0. 05-scale Apolio Command Module at iMach numbers 1.5 through 6 and
on & 0. 059-scale Apollo L.aunch Escape Vehicle at Mach numbers 1.5
througn 4. Data were obtained at Reynolds numbers, based on maximum
body diameter, ranging from 0. 31 x 105 to 3. 56 x 106 for the command
module and 0. 36 x 1056 {0 5.28 x 105 for the launch escape vehicie. Con-
clusions based on these data, obtained at oscillation amplitudes about the
trim angle of 2 to +18 deg for the command module and 3 to 212 deg
for the launch escape vehicle, are ag followsa:

PRSP VU, A,

6.1 C"“"‘A"%E)F OCULE

T T T S R Ay T o)
L ) L H R R R 5

[

No significant effect oo the dammping-in-pitch derivalives of the
command module was obtained from variaticns of Mach number,
Reynclds number, ogciliation armpiiin:de, and module configura-
tion except at Mach 1. 5 where removing the strakes increased
the damping-in-pitch derivatives at oscillation amplitudes above
6 = %2 deg and caused model damping to increase with amplitude.

2. HNo instabilities existed for the command module, and further-
more, its aerodynamic damping and oscillatory motion were sym-
metrical.

SRV B Kot S T BT T oo i 35
aslent ema e aes . - . -

6.2 LAUNCH ESCAPE VEHICLE :

1. Both the oscillatory motion and the aerodynamic damping of the
launch escape vehicle were unsymmetrical.

i
£
2. Amplitude of cxll ation affccted the level of the doraping-in- ¢y
D‘tch Gerivati £~ for the launch escape vebicle at all Mach numbery; i
however, tms fect generally decreased with decreasing Mach
number.

3. Increasing Reynolds number increased tae level of the damping-
in-pitch derivatives for zll models tested. The launch escape
vehicle was positively damped at the higher Reynolds numbers;
however, limit cycles did exist at the lower Reynolds numbers
and at the lower amplitudes of osciliation.
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4. At the basic cg pozition, removing the strakes tzl"i;;htly increaseld'

the level of the sercodynamic damping for the launch escape ve-
hicle at Mach numbers 1.5 through 3.
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b. Sirckes Cn
Fig. 5 Photogragh of the 0.05-Scele Comnand Module
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b. No Sickes

Sig. 6 Photograph of the 0.059-Scale Launch Escope Vehicle
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